ABSTRACT This paper investigates a finite-time observer-based fault-tolerant control scheme for the diesel engine air path, which suffers from loss-of-effectiveness and addictive actuator faults. Initially, an auxiliary system including synchronized perturbation caused by the actuator faults is considered, and a coordinated transformation is introduced to facilitate the observer design. Then, an extended state observer is developed based on the system after transformation. With the proposed observer, the actuator fault effects are reconstructed, and the fast finite-time stability of the observation error dynamics is proved theoretically. Moreover, on the basis of the observation states and a super-twisting algorithm, a fault-tolerant control law is further designed to the guarantee that state tracking errors converge to the equilibrium in finite time. In addition, rigorous analysis of the closed-loop system is addressed by utilizing a Lyapunov stability theory. Finally, the numerical simulation results and comparison are presented to illustrate the effectiveness and reliable performance of the air path control system.
I. INTRODUCTION
Recently, variable geometry turbocharger (VGT) and exhaust gas recirculation (EGR) are commonly implemented in diesel engines to increase engine specific power and reduce combustion emissions. In order to decrease the harmful nitrogen oxides (NO x ), a portion of the exhaust gas is diverted back into the cylinder through the EGR, which dilutes the air supplied by the compressor. However, an excessive EGR rate will, in turn, increase particulate matter (PM), thus the lifting of EGR valve should be precisely adjusted. Meanwhile, the compressor is driven by the turbine, and results in higher density of air flows into the engine to achieve the regulation of PM and boosting of output torque. Therefore, given the coupling effect of VGT and EGR, the positions of VGT and EGR valve should be coordinated regulated to their respective optimized operating points to reduce the emission pollution and maintain the thermal efficiency simultaneously [1] , [2] .
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The researchers in Jilin University investigated the coupling effects of EGR and VGT. Intake and exhaust manifold pressure are regulated through VGT, such that EGR rate is increased by 2%-12%, and NOx is reduced by 20%-47%. The joint research team from Ford and Bath University have put effort on this subject as well. More than 50% desired EGR rate is achieved by the coordinated control of VGT and EGR, by which combustion condition in cylinders is improved and emission is reduced. In [3] , a sliding mode controller together with the feedforward controller is applied on the diesel engine air path to enhance system robustness. In [4] , a robust sliding mode control law is proposed for air path to gain better system performance at multiple engine operating conditions. In [5] , un-modeled dynamics and modeled parametric uncertainties are handled by designing an unknown input estimation based sliding mode control strategy. It is noticeable that sliding mode control method is widely used to develop diesel engine air path control system. As a matter of fact, sliding mode control has been a hot topic for years [6] - [11] . Model-free adaptive integral sliding-mode-constrained control scheme is proposed for four wheeled mobile vehicle parking system [6] . High-order sliding mode control is adopted to a throttle of gasoline engine [7] . Attitude and airspeed control of a fixed wing UAV is achieved by adaptive second-order sliding mode [8] . Dissipativity-based sliding mode control for discrete-time switched stochastic hybrid systems is investigated [9] . Sliding mode technique is utilized to estimate the delay for a class of nonlinear time-delay systems [10] . Discrete-time fractional-order sliding mode control law is designed to achieve desired tracking performance of a linear motor system [11] . Hence, it is obvious that sliding mode control method gains both theoretical and practical significances, and is possible for studying diesel engine air path control system as well.
On the other hand, the requirement for highly reliable system is considered as a crucial issue over the last decade [12] - [17] . In [16] , a sliding mode fault-tolerant control scheme is designed for type-2 fuzzy systems. In [17] , reliable filter technique is adopted to sensor networks for solving communication failures. As for the diesel engine air path, actuator failures are also inevitable and always pose severe threat on system reliability. Fortunately, sliding mode control are feasible for solving fault-tolerant control problems. In [18] , actuator fault modes of the diesel engine air path have been discussed, and the authors developed faulttolerant controller by using internal mode control theory. In [19] , an adaptive integral sliding mode controller is proposed to deal with parametric uncertainties and addictive actuator faults. Furthermore, both loss-of-effectiveness faults and addictive faults are taken into account, and super-twisting algorithm is adopted to design an air path fault-tolerant controller [20] . In [21] , sliding mode control incorporates with adaptive mechanism is utilized to derive an air path faulttolerant control law, which effectively attenuates chattering behavior.
Despite actuator faults on the air path system have drawn increasing attention, the existing fault-tolerant control strategies for diesel engine air path are mostly categorized into passive fault-tolerant control (PFTC). There is no doubt that PFTC is easy to design and simple for implement, but its disadvantages cannot be ignored, such as the nominal control system performance is always sacrificed. More recently, fruitful results on observer-based control method have been reported [22] - [27] , which can act as fault estimation part of active fault-tolerant control (AFTC). In [22] , a fast adaptive fault observer is proposed to estimate unknown actuator fault of the linear time-varying delay system. In [25] , a learning observer is developed, such that system states and actuator faults can be reconstructed simultaneously. In [26] , an augmented sliding mode observer is derived to estimate the effects of sensor faults and external disturbances. Additionally, in the view of improving system performance, such as to obtain faster response rate and higher accuracy, finite-time controllers are more preferable than the traditional asymptotically stable controllers [28] - [31] . In [28] , finite-time formation control problem for multiple second-order agents is studied by using adding a power technique. By applying homogenous theory, a finite-time consensus protocol for multi-agent system via local information is designed [29] . Meanwhile, fault-tolerant control laws with finite-time convergence rate have been studied as well [30] - [33] . In [32] , a finite-time fault-tolerant attitude controller is developed for a rigid spacecraft, in which adaptive law is used to estimate the bounds of actuator faults and inertia uncertainties. Based on nonsingular fast terminal sliding mode control, both PFTC and AFTC methods are designed for robot manipulators, and the advantages of the finite-time AFTC are illustrated [33] . Therefore, finite-time AFTC approach for diesel engine air path is a promising supplementary to solve unexpected actuator failures, and this motivated the work of this paper.
Considering the background and challenges stated above, the primary purpose of this research is to develop a finite-time observer-based active fault-tolerant control scheme for diesel engine air path with actuator faults. The main contribution of the proposed observer-based fault-tolerant control law is in two aspects: 1) An auxiliary system including the actuator fault signals is considered, on which a coordination transformation is applied. Given the system after transformation, a fast finite-time extended state observer is derived to estimate the fault information. 2) On basis of the observation states, a fault-tolerant control law is constructed by utilizing supertwisting algorithm, thus AFTC of the diesel engine air path is achieved. Fast finite-time stability of the closed-loop system is proved by quadratic Lyapunov method.
The remainder of this paper is organized as follows: the mathematical model of diesel engine air path is introduced in Section II. In Section III, a finite-time extended state observer is designed and then a super-twisting fault-tolerant control law is constructed based on the observation states. Furthermore, numerical simulation results and comparison are carried out to verify the effectiveness of proposed control scheme in Section IV. Finally, conclusions and remarks are given in Section V.
Notations: Throughout this paper, λ max (·) and λ min (·) denote the maximum and minimum eigenvalue of a matrix, respectively. Moreover, given a vector x = [x 1 , . . . , x n ] T ∈ R n , x is used to represent its 2-norm, the function sig α (x) is defined as sig α (x) = sgn (x) |x| α , with α being a positive constant and sgn (x) = sgn (x 1 ) , . . . , sgn (x n ) T .
II. PROBLEM FORMULATION A. MATHEMATIAL MODEL OF DIESEL ENGINE AIR PATH
A schematic representation of the diesel engine air path system is given in Fig. 1 , and the corresponding variables are addressed in Table 1 . A variable geometry turbine (VGT) and a compressor are connected by a shaft, thus the compressor is driven by the turbine as the VGT generating the energy of the exhaust gas in the exhaust manifold. On the other hand, a portion of the exhaust gas is delivered into the intake manifold through the exhaust gas recirculation valve (EGR). Considering the system dynamics for the diesel engine air path in [4] 
(1)
where the compressor mass flow W c and turbine power P t are defined as:
and the related parameters can be obtained:
To facilitate the control law design, system dynamics (1)-(3) are rewritten aṡ
where x = p 1 p 2 P c T represents the system states, W egr and W t are chosen to be the control variables (6) are given as
where
The specific values of the system parameters k 1 , k 2 , k t , k e , k c , η m , µand τ mentioned above will be specified later.
B. CONTROL OBJECTIVES
To achieve the control requirements of the air path system, the compressor mass flow W c and exhaust manifold pressure p 2 should be adjust to their desired set points W cd and p 2d , respectively. Nevertheless, the computation for the compressor mass flow is time consuming, because of the time derivative of W c [4] . Hence, the set point of intake manifold pressure p 1d is used instead of W c , which is easy to be calculated
Furthermore, the tracking errors respect to the set points are defined as s 1 = p 1 − p 1d and s 2 = p 2 − p 2d . Thus, the control objective is to generate a fault-tolerant control law which drives the tracking errors to the equilibrium of the closed-loop system. As a result, the desired compressor mass flow W c and exhaust manifold pressure p 2 can be accurately tracked even in the presence of actuator faults.
Remark 1: The real control input for the air path system are the openings of EGR and VGT valves. However, most of the related works have taken the air flow through the EGR and VGT as control variables for the sake of simplicity, i.e. u 1 = W egr and u 2 = W t .
C. DEFINITIONS AND LEMMAS
Consider the following system (8)
where f : U 0 → R n is continuous in an open neighborhood U 0 of the origin. Suppose that the system (8) in possesses a unique solution in forward time for all initial condition.
Definition 1 [34] : The equilibrium x = 0 of the system (8) is (locally) finite time stable if it is Lyapunov stable and finite time convergent in a neighborhood U ⊂ U 0 of the origin.
The finite time convergence means the existence of a function T : U\ {0} → (0, ∞), such that, ∀x 0 ∈ U\ {0} ⊂ R n , the solution of (8) is denoted by s t (x 0 ) where x 0 is the initial condition, s t (x 0 ) ∈ U\ {0} for t ∈ [0, T (x 0 )], and lim
we obtain the concept of global finite time stability. Lemma 1 [35] : For any real numbers λ 1 > 0, λ 2 > 0, 0 < ι < 1, an extended Lyapunov condition of finite-time stability can be given in the form of fast terminal sliding mode (FTSM) asV (x) + λ 1 V (x) + λ 2 V ι (x) ≤ 0, where the settling time can be estimated by
III. MAIN RESULTS
The actuator faults of the air path system are taken into account, as a result, the original model (6) is modified aṡ
where E 1 (t) and E 2 (t) denote the effectiveness factor of the actuators with
Note that E i (t) = 1 indicates that the ith actuator works normally, and 0 < E i (t) < 1 represents that the ith actuator partially loses its effectiveness. F 1 (t) and F 2 (t) denote the uncertain additive faults acting on each actuator, which are unknown but bounded. Assumption 1: It is reasonable to assume that the norm of addictive actuator fault F i (t) is upper bounded, which satisfies F i (t) ≤F i withF i denoting a positive constant.
In the previous section, the tracking errors of the intake and exhaust manifold pressure have been defined as s 1 and s 2 . In order to apply the sliding mode control method, a sliding mode variable
Invoking (9), the time-derivative of s yieldṡ
In the following context, E * (t) and F * (t) will be denoted as E * and F * for simplification, and E * is defined as E * = I − E * .
A. FINITE-TIME EXTENDED STATE OBSERVER
Considering the outstanding effectiveness of the extended state observer for estimating and compensating system uncertainties, in this subsection, a finite-time extended state observer is constructed to estimate the effects caused by the actuator faults. Rewritten (10) into the following forṁ
where H (t) = −g * (x) E * (t) u + F * (t) represents for the synchronized perturbation caused by the actuator faults.
Assumption 2: Denote the first-time derivative of H (t) aṡ H (t) = h (t), where h (t) satisfies h (t) ≤H withH being an unknown positive constant. Denotez 1 = s andz 2 = H (t), then the auxiliary system of the extended statez = z 1z2 T is obtaineḋ
Before proceeding the observer design, a coordinate transformation is introduced
with¯ being defined as
− I where = diag {θ 1 , θ 2 } with θ 1 and θ 2 being positive constants. Applying the transformation (14) to system (12)- (13), then an extended system is obtaineḋ
Hereafter, a finite-time extended state observer is proposed based on system (15)
where W = −3 2 T and the observation error is defined as e = z − z = e 1 e 2 T . Denote = γ 1 γ 2 T with γ 1 = − 1 sig 1 / 2 (e 1 ) and γ 2 = − 2 sgn (e 1 ), where
Combining (15) and (16), the dynamics of the observation errors yieldsė
Theorem 1: Consider the diesel engine air path (1)-(3), under Assumptions 1-2. If observer (16) is adopted with the parameters satisfying the following inequalities
then the observation errors converge to the equilibrium in finite time.
Proof: Partition (17) as the following forṁ
Then, consider a Lyapunov candidate function
where an auxiliary variable η = To analyze the stability of the observer dynamics (17), two steps are carried out.
Step 1: A subsystem is extracted from (17) aṡ
Taking first time-derivative of η, it yieldṡ η = 
Step 2: Considering the original dynamics of observation errors, then the time-derivative of V e along (21)- (22) giveṡ
Moreover, given the definition of V e , it is easy to verify that λ min (P 1 ) η 2 ≤ V e ≤ λ max (P 1 ) η 2 , thus it further leads tȯ
and κ 2 =
.
Considering the definition of , it has κ 2 > 0. Therefore, according to Lemma 1, system (17) is finite-time stable if the following inequality holds
which is equal to λ min (P 1 ) λ max Q 1 > 2λ 2 max (P 1 )H . Consequently, the system trajectory of (17) converges to the equilibrium within finite time T obs . Namely, the real value of z is precisely reconstructed by the observation state z. Additionally, the settling time T obs is bounded by
Remark 2: Compared with the observers designed by similar quadratic Lyapunov theory in [27] and [36] , the main feature of extended state observer (16) has been improved in two aspects. Firstly, fast finite-time convergence rate is attained which further accelerates system response capacity with comparison to the observation methodology in [27] and [36] . Secondly, only locally finite-time stability can be assured when the observers in [27] and [36] applied, which implies that the finite-time stable condition can be satisfied only if the initial states are defined in a certain set. Whereas, the proposed observer (16) released such limitation on system states. Hence, with regard of estimating unknown system states or uncertainties, observer (16) is superior to the aforementioned observers.
Remark 3: By virtue of the coordinate transformation (14) , it is possible to introduce the observation error e 2 into its differentiation equation, which is essential for constructing the fast finite-time stability condition.
Remark 4: As the real value of z has been estimated by z, it is straightforward to obtain the estimation of s and H (t), respectively. Hence, with the definition of the observation errors, the synchronized perturbation H (t) can be calculated as H (t) =z 2 = z 2 + z 1 = z 2 − e 2 + s.
Assumption 3: Since the observation errors are proven to be finite-time stable theoretically, it is reasonable to assume that e 2 ≤ δ 0 and ė 2 ≤ δ 1 before T obs with δ 0 and δ 1 being positive constants.
B. OBSERVER-BASED FINITE-TIME FAULT-TOLERANT CONTROL
For achieving reliable system performance, the reconstructed information from the finite-time extended state observer (16) will be utilized to develop the finite-time fault-tolerant control scheme.
In view of the super-twisting algorithm, the following control law is proposed
where h 1 and h 2 are positive control gains to be selected.
Substituting (32) into (11), it haṡ
Let ξ = ρ − e 2 , then (33) and (34) can be rewritten aṡ
Theorem 2: Considering the diesel engine air path system (1)-(3) under Assumptions 1-3, if the finite-time extended state observer (16) combined fault-tolerant control law (32)-(33) are adopted, and the parameters satisfy the following inequality
then the system trajectories will converge to the equilibrium in finite time. Proof: Construct a Lyapunov candidate function
The theoretical analysis of system stability will be carried out in two steps.
Firstly, a subsystem of (35)- (36) is considereḋ
and taking the timederivative of ζ along the above subsystem, it yieldṡ
where |s * | = diag {|s 1 | , |s 2 | , |s 1 | , |s 2 |}, and 2 is defined as
Thus the matrix 2 is Hurwitz if and only if h 1 > 0 and h 2 > 0. Let T 2 P 2 + P 2 2 = −Q 2 , for every Q 2 > 0, there exists a unique solution P 2 > 0 to satisfyV < 0.
Secondly, by differentiating V along system (35)- (36), it leads tȯ
In the following, two phases are considered to analyze system stability, i.e. the phase before the settling time T obs of observer (16) , and the phase after the observation errors converge to zero.
Phase 1: Obviously, κ 3 > 0 if (37) holds. Thus the closed-loop system trajectories are driven to the equilibrium with fast finite-time convergence rate even before the effects of the actuator faults are accurately estimated and fully compensated.
Phase 2: After the settling time T obs , e 2 andė 2 will both converge to zero, which implies = 0. Then, (43) leads tȯ
, and it is straightforward to verify κ 4 > 0. Hence, fast finite-time stability of the closedloop system is guaranteed. Moreover, the settling time is calculated as
Remark 5: Despite actuator faults of the diesel engine air path have been taken into consideration in many existing works, this article presents a novel active fault tolerant control scheme for the concerned system. Moreover, the proposed AFTC scheme guarantees fast finite-time stability of the closed-loop system, which implies system response capacity and state tracking accuracy is further enhanced compared with the traditional asymptotically stable fault-tolerant controllers. Moreover, Fig. 2 is given to clarify the control structure of the proposed control strategy.
Remark 6: The parameters used in the proposed observerbased control method are selected according to following procedures: For the observer parameters, three steps are taken. First, choose the initial value of 1 and 2 , and solve the LMI inequalities:
If the solution of ε exists, then T 1 P 1 + P 1 1 = −Q 1 can be solved. Second, considering a positive constant H M , which satisfies H M >H . Third, calculating κ 1 by its definition, the selected parameters are feasible if κ 1 is positive. Otherwise, the initial value of 1 and 2 should be altered until the above three steps hold. Besides, the choice of is more flexible. Since the role of is to accelerate convergence rate when the system trajectories are far from the equilibrium, it only requires > 0.
According to the above steps, the control gains h 1 and h 2 are easy to decide as well.
Remark 7: It is worthwhile to mention that the model uncertainties and external disturbances have not been concerned in the control design procedure. Besides, in this paper, to overcome the deviation caused by the observation error before T obs , proper control gains should be selected to ensure the stability of closed-loop system. Hence, the flexibility of the proposed control law is constrained. It is possible to try more advanced methods to tackle the observation error, such as adaptive technique and neural network, et al.
IV. SIMULATION AND ANALYSIS
To verify the effectiveness and illustrate the superior performance of the proposed control scheme, numerical simulation results as well as the comparison and analysis are presented. In the following, the observer-based fault-tolerant control method, which combines the finite-time extended state observer (16) (denoted as FTESO) and the finite-time fault-tolerant control law (32)-(33) (denoted as FTFTC) is denoted as OBFTC. The passive fault-tolerant control law in [21] (denoted as CFASMC), is also implemented on the diesel engine air path under the same simulation condition.
In light of [37] , parameters for system (1)- (5) are k 1 = 143.91, k 2 = 1715.5, k t = 391.365, k e = 0.028, Table 2 . In addition, the actuator faults are defined, i.e. the effectiveness factor is chosen to be
and the additive fault is set as
In the following work, the observer and control gains of OBFTC are selected as Fig. 3 , the evolution of real state z 1 and its observation state z 1 is presented. It can be seen that the FTESO acts immediately once the actuator faults inject into the diesel engine air path system, and the observation error e 1 drops into a small neighborhood around the equilibrium. Meanwhile, the observation result for the synchronized perturbation z 2 is displayed in Fig. 4 . Clearly, the information of the actuator faults are precisely estimated by z 2 , and thus can be compensated with considerable fast response speed and high accuracy.
Accordingly, control performance between OBFTC and CFASMC are compared in Figs. 5-8 . The time history of the exhaust manifold pressure p 2 is given in Fig. 5 , which shows OBFTC performs better than CFASMC. The enlarged drawings depict the transient response under each control law after actuator faults occur. It can be observed that OBFTC takes less than 0.5 sec to recovery from the faults, and p 2 keeps tracking its set point accurately afterwards. However, the actuator faults influence cannot be perfectly handle by CFASMC. The divergence caused by the actuator fault is obviously larger than that under OBFTC, and the state tracking error lasts until the end of simulation time. Fig. 6 shows that both control schemes possess acceptable tracking performance of compressor mass flow W c even under loss-of-effectiveness fault and addictive fault, whereas the convergence time is shorter and tracking error is smaller when OBFTC is applied. Besides, control output signals of W egr and W t under both control schemes are shown in Fig. 7 and Fig. 8 , respectively. Together with Figs. 5 and 6, it can be concluded that OBFTC needs larger control effort to guarantee the fast convergence rate at the initial phase. Thereafter, both control schemes generate smooth control signal without evident fluctuation and/or chattering.
In summary, with the OBFTC scheme, precise state tracking for the air path system can be achieved in a short time even in the presence of actuator faults. Furthermore, the superior performance of OBFTC is verified by comparison with the existing works.
V. CONCLUSION
In this work, a finite-time observer-based fault-tolerant control scheme is proposed for diesel engine air path, by which the loss-of-effectiveness and addictive faults on the EGR and VGT valves are solved. With the elaborately designed coordinate transformation, the finite-time extended state observer is first derived to reconstruct the actuator fault information, and thus fast finite-time stability of the observation errors is achieved. Furthermore, incorporating with the observation states, the finite-time fault-tolerant control law is developed by the super-twisting algorithm. Meanwhile, fast finite-time convergent of the closed-loop system is guaranteed by the observer-based control structure. Theoretical analysis and simulation results show that the proposed control scheme provides fast convergence rate and high accuracy of tracking errors for the diesel engine air path under actuator faults. In our future work, measurements uncertainties and input saturation will be taken into consideration. Also, the related results will be applied on diesel engine test bench to verify and improve the control strategies. 
